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We study the interband self-induced transmission of surface plasmon polaritons in a gold ﬁlm
surrounded by an external Kerr medium. We model the optical propagation by using a version of the
generalized nonlinear Schro ¨dinger equation for the ﬁeld envelope coupled to Bloch equations for valence
electrons of gold, predicting self-induced transparency of ultrashort plasmon solitons with a pulse duration
below 10 fs. We demonstrate that the Kerr nonlinearity from the surrounding dielectric can be used to
compensate for the group velocity dispersion, and that the impact of dephasing and decay processes can
be effectively reduced by the self-induced transmission mechanism.
DOI: 10.1103/PhysRevLett.110.243901 PACS numbers: 42.65.Tg, 42.79.Gn, 73.20.Mf, 78.66.Bz
Introduction.—Surface plasmon polaritons (SPPs)—
exponentiallylocalizedelectromagneticwavesguidedalong
metallic surfaces—are particularly important in a broad
range of applications including medicine [1], biosensing
[2], imaging [3], and nanophotonics [4]. A large variety of
nonlinear mechanisms occurs in metals, e.g., second and
third harmonic generation [5], nonlocal ponderomotive
forces leading to symmetry breaking [6], and redshift due
tointerbandthermomodulation[7].Thesubwavelengthcon-
ﬁnement of SPPs is fundamentally important for designing
nanoscaled optical circuits and for the enhancement of
nonlinearity, which can in turn be exploited for active
all-optical control [8], plasmon-soliton formation [9], and
nanofocusing [10]. Inevitably, these applications are either
limited or even prevented by large intrinsic Ohmic losses of
metals. In common gold- and copper-based plasmonic
setups operating at optical frequencies, interband transitions
boost absorption and damp optical propagation. A possible
strategy to retain the subwavelength localization of SPPs
and overcome the loss barrier of metals at the same time is
to embed gaining media in plasmonic devices [11]. The
intrinsic nonlinearity of two-level gaining media can then
be used to obtain transverse localization of dissipative
plasmon solitons [12]. Alternatively, losses can be limited
byusinglongrange surfaceplasmon polaritons (LRSPPs)in
metallic ﬁlms [13–15], where localization is smaller and
absorption is reduced accordingly.
In this Letter, we propose to exploit self-induced trans-
parency (SIT) in order to suppress the interband absorption
of SPPs. Even though SIT in dielectrics and semiconduc-
tors has been extensively studied since the publication of
the seminal paper of McCall and Hahn in 1969 [16], its
counterpart in metals has never been developed, mainly
because light does not propagate in metal bulk. We here
demonstrate for the ﬁrst time the theoretical possibility
to bypass interband absorption of LRSPPs in a thin ﬁlm
of gold surrounded by an external Kerr medium using
self-induced transmitted   pulses. While long pulses
(  * 100 fs) experience interband thermomodulation [7],
ultrashort pulses with time duration smaller than the
electron-electron collision time (  & T2 ’ 10 fs) do not
undergo thermalization. Thus, ultrashort optical pulses
can induce transient inversion of population and experi-
ence the effect of interband polarization. If one neglects
nonconservative dephasing and recombination processes,
perfect SIT can be achieved with   pulses. Moreover, for
some speciﬁc parameters, SIT pulses can coexist with
temporal plasmon solitons, where the group velocity
dispersion is compensated for by the Kerr nonlinearity,
analogously to what happens in erbium-doped ﬁbers [17].
As a consequence of nonconservative processes, ideal
transparency cannot be achieved but enhanced self-
induced transmission occurs, as we show here for the ﬁrst
time.A sketch of the setup considered inour calculations is
depicted in Fig. 1.
Background.—The temporal dynamics of electrons in
the presence of an external electromagnetic ﬁeld is deter-
mined by the Schro ¨dinger equation with unperturbed
Hamiltonian H 0 and dipole interaction Hamiltonian
H IðtÞ. Since the electron momentum is conserved in the
dipole interaction, it is possible to split the dielectric
FIG. 1 (color online). Sketch of the representative structure
analyzed in this work. Gold ﬁlm of width a ¼ 20 nm surrounded
by an external Kerr medium. The structure is assumed inﬁnitely
extended in the z, y directions.
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contributions. For intraband transitions, due to the high
occupation of states in the conduction band, the periodic
potential of the lattice is screened by the quasifree con-
duction electrons. The unperturbed Hamiltonian can then
be approximated by the kinetic part H 0   p2=ð2meÞ and
thus the dielectric polarization is PI ¼  0 IE, where  0 is
the dielectric permittivity of vacuum,  I ¼  !2
p=½!ð! þ
i Þ , !p ¼ 13:8   103 THz is the plasma frequency of
gold,   ¼ 100 THz is the damping rate due to electron-
electron collisions, E ¼ E0e i!t is the electric ﬁeld, and !
is its angular frequency.
Interband transitions and Bloch equations.—The real
and reciprocal lattice structures of gold are face centered
cubic (fcc) and body centered cubic (bcc), respectively, as
shown in Figs. 2(a) and 2(b). Experimental results clearly
indicate that interband absorption is resonant around the
X, L points of the ﬁrst Brillouin zone [18] [see Fig. 2(b)].
Around these band-edge points the Fermi surface is
cylindrically symmetric; the lattice vector k can be split
into in-plane (k?) and out-of-plane (kk) components and
the valence EvðkÞ and conduction EcðkÞ bands can be
approximated by elliptic and hyperbolic paraboloids [7].
In the following calculations, we approximate the conduc-
tion band to be completely ﬁlled up to the Fermi level
E   EF and completely empty above it E>E F. The band
structure around the L, X points of the reciprocal space is
displayed in Figs. 2(c) and 2(d). The upper blue and lower
red curves are the conduction and valence bands, while
the full black lines indicate the Fermi level E ¼ EF ¼ 0.
Yellow circles represent occupied states, while full black
(dashed cyan) arrows indicate direct interband transitions
allowed (forbidden) by the Pauli exclusion principle. The
modeling of electron interband dynamics is developed
as a ﬁrst order perturbative solution of the Schro ¨dinger
equation in the Heisenberg picture, calculating the time-
dependent inversion of population and the complex polar-
ization from Bloch valence jv;ki and conduction jc;ki
states. In our analysis, we neglect the k dependence of
the dipole matrix element, which is approximated by
dc;vðkÞ¼h c;kjerjv;ki’dc;v. Thus, the interaction
Hamiltonian is explicitly given by
H I;kðtÞ¼  EðtÞfdc;vjc;kihv;kjþd 
c;vjv;kihc;kjg; (1)
where we have used d 
c;v ¼ dv;c. From the equation of
motion for the density matrix _  kðtÞ¼  ð i=@Þ 
½H kðtÞ;  kðtÞ , one gets the Bloch equations for the popu-
lation difference wk ¼  c;cðk;tÞ  v;vðk;tÞ and for the
complex dipole Pk ¼ dv;c c;vðk;tÞ:
_ wk ¼ 
1
T1
ð1 þ wkÞþ
4
@
EðtÞImfPkg; (2)
_ Pk ¼ 
1
T2
Pk   i kPk  
i
@
EðtÞjdv;cj2wk; (3)
where  k ¼½ EcðkÞ EvðkÞ =@ and T1 ¼ 500 fs, T2 ¼
10 fs are the decay and dephasing times of gold. The
complexinterbandpolarizationPII is paralleltotheelectric
ﬁeld E and its amplitude is PIIðtÞ¼ð 2 3Þ 1 R
  Pkd3k,
where the k integral is taken in the volume   of the
reciprocal space where the interband transitions are not
forbidden by the Pauli exclusion principle.
Ultrashort SPP pulses in a gold ﬁlm.—We model optical
propagation of SPPs starting from the time-dependent
Maxwell equations for the electric E and magnetic H
ﬁelds. Since the dielectric susceptibility of gold can be
separated in intraband and interband contributions, it is
possible to construct the linear modes with the intraband
polarization PI and study their nonlinear evolution due to
the interband counterpart PII. The space-dependent linear
susceptibility proﬁle of a thin gold ﬁlm of width a sur-
rounded by an external dielectric medium is  Lðx;!Þ¼
 dð!Þ ðjxj a=2Þþ Ið!Þ ða=2  j xjÞ, where  ðxÞ is the
Heaviside step function,  Ið!Þ¼1 þ  Ið!Þ is the intra-
band dielectric constant of gold, and  dð!Þ is the external
dielectric constant. The space-dependent nonlinear polar-
ization is PNL ¼ PII ða=2  j xjÞ þ ð 0 3=2Þ½jEj2Eþ
E2E =2  ðjxj a=2Þ, where  3 is the Kerr susceptibility
of the external medium ( 3 ¼ 2:25   10 22 m2=V2 for
silica glass) and PII is the complex interband polarization
of gold (implicitly nonlinear) calculated from the Bloch
equations. In order to derive an effective propagation
equation for the ﬁeld envelope, we proceed in a perturba-
tive manner [19,20]. First, we calculate the linear modes of
the plasmonic structure neglecting the nonresonant losses
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FIG. 2 (color online). (a) Real and (b) reciprocal lattice struc-
tures of gold. (c), (d) Band structure around the (c) L and (d) X
points of the reciprocal lattice. The upper blue and lower red
curves are the conduction and valence bands, respectively. The
full black lines represent the Fermi level E ¼ EF ¼ 0. Note that
the right and left sides of the x axis correspond to the lattice
vector components k?, kk rescaled to k  ¼ 13:34 nm 1.
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I ) and the nonlinear polarization (PNL). Then, we per-
turbatively derive a propagation equation for the linear
ﬁeld envelope accounting for nonresonant losses, Kerr
nonlinearity, and interband polarization. As the structure
is assumed to be inﬁnitely extended along the y direction,
the modal electric E and magnetic H ﬁelds are
E ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 0c=Sz
p
ceðxÞei 0z i!0t and H ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2=ð 0cSzÞ
p
chðxÞei 0z i!0t. In the ansatz above, the ﬁelds are normal-
ized to Sz ¼
Rþ1
 1 Re½e   h   ^ zdx,  0, c are the vacuum
magnetic permeability and speed of light, !0,  0 are the
modal angular frequency and wave number, and e ¼ ex^ x þ
ez^ z and h ¼ð c=!0Þð 0ex þ idez=dxÞ^ y are the dimension-
less electricandmagneticproﬁles.Themodalnormalization
constants are chosen in such a way that jcj2 is the power
density (measured in W=m) carried in the z direction.
The electric ﬁeld components ex, ez and the propagation
constant  0 can be calculated by substituting the ansatz in
the time-dependent Maxwell equations and by imposing
the boundary conditions for the continuity of the longitu-
dinal electric ﬁeld (ez) and transverse displacement vector
( 0
Lex) at the interfaces x ¼  a=2. By doing so, one gets
the dispersion relation tanhðqma=2Þ¼  qd 0
I=ðqm dÞ,
where q2
d;m ¼  2
0   !2 0
d;I=c2. The longitudinal (ez) and
transverse (iex) ﬁeld proﬁles are shown in Fig. 3(a). In the
thin ﬁlm limit qma   1, the transverse electric ﬁeld proﬁle
(ex) is approximately constant and the longitudinal electric
ﬁeld proﬁle (ez) is approximately linear. We emphasize
that in our approach nonresonant loss is accounted for as a
perturbation enteringinthefollowingorder.Ifone includes
the full complex dielectric constant ( I) it is possible
to demonstrate that the SPP proﬁles depicted in Fig. 3(a)
represent LRSPPs [13,14]. While the transverse ﬁeld
component is never null inside the metal and stays
roughly constant, the longitudinal counterpart vanishes
exactly at the center of the gold ﬁlm. In turn, the major
role in the interband dynamics is played by the transverse
ﬁeld component that within the gold ﬁlm can be approxi-
mated by the constant ex ’  2i 0=ðq2
maÞ. This approxi-
mation is valid only in the limit a    ; if the ﬁlm
thickness is comparable with or larger than the optical
wavelength, transverse nonhomogeneity [21] and vectorial
polarization [22] cannot be disregarded in the Bloch dy-
namics. In the following step of the perturbative analysis,
the mode envelope cðz;tÞ is allowed to evolve on a slower
scale compared to the fast oscillations ei 0z i!0t: j@zcj 
j 0cj, j@tcj j !0cj. Developing a multiscale expan-
sion and applying the Fredholm alternative theorem with
nonlinearly reinforced boundary conditions [12] it is pos-
sible to prove that one obtains the following generalized
nonlinear Schro ¨dinger equation for cðz;tÞ [23]:
i@zc þ iv 1
g @tc  ð  2=2Þ@2
t c þ i c þ  jcj2c
þ i p
Z
 
pkd3k ¼ 0; (4)
where pk ¼ Pke i 0zþi!0t, vg ¼ d!=d  is the group
velocity,  2 ¼ d2 =d!2 is the dispersion coefﬁcient,  
is the absorption coefﬁcient due to intraband losses,   is
the Kerr nonlinear coefﬁcient, and  p is the interband
coupling coefﬁcient. The formulation of Eq. (4) is the ﬁrst
major result of this Letter.
Self-induced transmission of SPPs.—The complex inter-
band polarization pk couples the generalized nonlinear
Schro ¨dinger equation with Eqs. (2) and (3), which under
the rotating wave approximation become
_ wk ¼ C½cp 
k þ c  pk  ð 1 þ wkÞ=T1; (5)
_ pk ¼ i kpk  ð C=2Þjdv;cj2cwk   pk=T2; (6)
where  k ¼ !0    k is the k-dependent detuning and
C ¼ 2 0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 0c
p
=ðq2
ma@
ﬃﬃﬃﬃﬃ
Sz
p
Þ is the interband coupling con-
stant. For pulses with time duration   much smaller than
decay (T1) and dephasing (T2) times, the nonconservative
terms of the Bloch equations can be disregarded. In this
limit, neglecting also the intraband loss ( ), it is possible
to derive the expression for the family of self-induced
transparency (SIT) solitons [16]: cðz;tÞ¼c 0 sech½ðt  
z=VÞ=  ei  z, where c 0 ¼ 2ðCjdv;cj Þ 1, V is the SIT
soliton velocity, and    is its phase shift. The dependence
oftheSITplasmonsolitonpowerdensity(jc 0j2)onitstime
duration ( ) is depicted in Fig. 3(b). Assuming that the
lateral conﬁnement in the unbound y direction is of the
order of Ly   10  m, one gets that SIT plasmon solitons
can be excited with peak powers of the order of P ¼
jc 0j2Ly ’ 10 kW. We emphasize that the SIT plasmon
soliton exists only for a particular coincidence of geomet-
rical parameters such that the group velocity dispersion
is exactly compensated for by the Kerr nonlinearity
 2C2jdv;cj2 þ 4  ¼ 0. The interband absorption is reso-
nant at   ¼ 400 nm and has a characteristic spectral width
of    ’ 100 nm [7]. Thus, for   * 500 nm the band
dispersion does not play a crucial role, it is possible to
approximate  k’  and the interband dynamics is simpli-
ﬁed to a two-level system with effective detuning  . In this
approximation, we have solved numerically Eqs. (4)–(6)
by using the split-step Fourier method with fourth-order
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FIG. 3 (color online). (a) Longitudinal (ez) and transverse (iex)
SPP mode proﬁles. (b) SIT plasmon soliton peak power density
jc 0j2 as a function of its time duration  . In both ﬁgures the
thickness of the gold ﬁlm is a ¼ 20 nm, the external medium is
silica glass, and the optical wavelength is   ¼ 623 nm.
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243901-3Runge-Kutta algorithms for the spatial propagation and the
Adams-Bashforth method for the temporal integration of
the Bloch equations. In the simulations, we considered
a thin ﬁlm of gold with thickness a ¼ 20 nm surrounded
by silica glass at the optical wavelength   ¼ 623 nm,
characterized by group velocity vg ¼ 194   103 km=s
and dispersion coefﬁcient  2¼0:92 m 1fs2. Results of
numericalsimulationsintheconservative limit arereported
in the panels of Fig. 4. In Figs. 4(a)–4(c) we show the
temporal dynamics of hyperbolic secant pulses of duration
  ¼ 5f swith areas [see Figs. 4(a) and 4(b)]   and [see
Fig. 4(c)] 1:6  in a thin ﬁlm of gold of width a ¼ 20 nm
surrounded [see Fig. 4(a)] by silica glass (  ¼ 3:75  
10 7 W 1) and [see Figs. 4(b) and 4(c)] by a defocusing
medium that satisﬁes the soliton condition existence
 2C2jdv;cj2þ4 ¼0, with   ¼  2:99   10 5 W 1. Note
that, if the soliton condition existence is not satisﬁed [see
Fig. 4(a)], the pulse does not maintain its shape and it is
absorbed after 50  m of propagation distance. In Fig. 4(d),
the evolution of the pulse area is depicted for several input
hyperbolic secant pulses with different amplitudes. When
the soliton existence condition is satisﬁed, the propagation
of   pulses does not affect their shape both in the temporal
and frequencydomain,whilepulseswithdifferentareas are
either absorbed or undergo an oscillatory dynamics. The
discovery of ultrashort SIT solitons in gold is the second
majorresult of this Letter. Results of numerical simulations
in realistic nonconservative conditions are reported in the
panels of Fig. 5. In Figs. 5(a)–5(c) we show the temporal
dynamics of hyperbolic secant pulses of duration  ¼5fs
[seeFigs.5(a)and5(b)]and  ¼ 20 fs[seeFig.5(c)]with 
area in a thin ﬁlm of gold of width a ¼ 20 nm surrounded
[see Fig. 5(a)] by silica glass (  ¼ 3:75   10 7 W 1) and
[see Figs. 5(b) and 5(c)] by a defocusing medium that
satisﬁes the soliton condition existence  2C2jdv;cj2 þ
4  ¼ 0:   ¼  2:99   10 5 W 1. In Fig. 5(d), the evolu-
tion of a long pulse of duration   ¼ 100 fs is depicted. In
this limit thermalization occurs and the optical propagation
is modeled in terms of an effective dielectric constant. Note
that, even if ideal transparency is not achieved, ultrashort
pulses of duration     10 fs propagate over a distance
roughly one order of magnitude larger than long pulses of
duration     100 fs. This happens because SIT   pulses
suppress interband absorption, which is roughly 1 order of
magnitudestrongerthanintrabandabsorptioninthespectral
region considered in our simulations.
Conclusions.—We have investigated analytically and
numerically the interband self-induced transmission of
surface plasmon polaritons in a gold ﬁlm, demonstrating
the possibility to bypass the interband losses of gold by
using ultrashort   pulses. This regime is realistically acces-
sible to experiments with pulse peak powers of the order
of P ’ 10 kW and pulse time duration     10 fs.T h e s e
theoretical ﬁndings highlight the novel possibilities offered
by the use of ultrashort pulses in plasmonic systems and can
stimulate further developments and strategies to reduce the
impact oflossesinmetals, aswell asopenupnew directions
for the exploitation of nonlinear effects in metals.
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FIG. 4 (color online). Conservative temporal dynamics of
hyperbolic secant pulses with carrier wavelength   ¼ 623 nm
in absence of intraband loss, dephasing, and decay. (a), (b),
(c) Temporal evolution of (a), (b)   and (c) 1:6  pulses of
duration   ¼ 5f sin a thin ﬁlm of gold of width a ¼ 20 nm
surrounded (a) by silica glass (  ¼ 3:75   10 7 W 1) and (b),
(c) by a defocusing medium that satisﬁes the Nakazawa condi-
tion (  ¼  2:99   10 5 W 1). (d) Evolution of pulse area for
several input hyperbolic secant pulses with different input
amplitude. Note that while the area of the SIT plasmon soliton
remains constantly  , for other input pulses the pulse area does
not remain constant. The contour plots depict jcj2=P 0 with
P 0 ¼ 1:23 kW= m.
FIG. 5 (color online). Nonconservative temporal dynamics
of hyperbolic secant pulses. Temporal evolution of   pulses
with carrier wavelength   ¼ 623 nm and durations (a),
(b)   ¼ 5f s , (c)   ¼ 20 fs, and (d)   ¼ 100 fs in a thin ﬁlm
of gold of width a ¼ 20 nm surrounded (a) by silica glass
(  ¼ 3:75   10 7 W 1) and (b), (c), (d) by a defocusing
medium that satisﬁes the soliton existence condition (  ¼
 2:99   10 5 W 1). The contour plots depict jcj2=P 0 with
(a), (b) P 0 ¼ 9:70 kW= m, (c) P0 ¼ 0:61 kW= m, and
(d) P 0 ¼ 24:2k W =mm.
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